I nterleukin-15 belongs to a large cytokine family that includes IL-2, IL-4, IL-7, IL-9, and IL-21. Although these cytokines share the same g-chain (gc) receptor (1), IL-2 and IL-15 have specific functions that are related both to their binding properties on the a-chains of the IL-2R and IL-15R (2), as well as to their cellular-activation mechanisms. The mechanism of action of IL-15 is still under debate, but it relies on its trans-presentation by cellular partners, such as monocytes and/or dendritic cells (DCs), which are the main producers of IL-15 in vivo (3) (4) (5) (6) (7) (8) .
IL-15 displays important physiological functions facilitating innate and adaptive immunity (7) ; it has an important role in the development, homeostasis, and activation of immune cells, such as T lymphocytes and NK cells (3, 8, 9) . IL-15 exerts large pleiotropic activities on NK cells: survival, proliferation, differentiation, increase in cytotoxic functions, stimulation of cytokine production (IFN-g, TNF-a, and GM-CSF), and regulation of NK/macrophage interactions (3, 8, 9) . In addition, IL-15 was found to inhibit apoptosis of neutrophils and eosinophils, as well as Fas-mediated apoptosis of B or T cells, through upregulation of antiapoptotic proteins (8) .
Several studies implicated IL-15 in infectious, autoimmune, and inflammatory diseases, as well as cancer malignancies (5, 7, 10) . These included hematological pathologies, such as chronic lymphocytic leukemia (CLL), in which recombinant human IL-15 (rhIL-15) sustains the survival of leukemic cells in vitro (11) .
CLL, the most common leukemia in adults, is defined by the progressive accumulation of CD19 + /CD5 + B leukemic cells in blood and secondary lymphoid organs. The accumulation of B leukemic cells depends on both cell-cell interactions (12, 13) and CLL-released soluble factors (14, 15) . In standard therapeutic regimens, mAbs, such as rituximab (RTX), contribute largely to improve response-rate, progression-free, and overall survival of CLL patients (16) . Despite the clear therapeutic benefits of RTX in B cell malignancies (16) , relapses occur frequently following treatment. In vivo, anti-CD20 Abs induce potent target cell lysis through complement-dependent cytotoxicity (17) (18) (19) and primarily Ab-dependent cellular cytotoxicity (ADCC) (17, (19) (20) (21) . ADCC relies on the ability of CD16 + effectors, such as NK cells, to bind Abs via the FcgRIIIa region. Obinutuzumab (GA101) is a glycoengineered, type II CD20 Ab that has higher affinity for the NK FcgRIIIa than does RTX. GA101 is able to increase both direct and effector cell-mediated cytotoxicity (22) and shows higher activity than does RTX in B leukemic cell depletion (23, 24) . Despite a low E:T ratio in patient samples, NK cells are the main effectors of RTX-mediated ADCC of CLL cells (21, 25) . Moga et al. (26, 27) demonstrated that rhIL-15 promotes NK cell cytotoxic function from healthy donors against lymphoma cell lines or primary CLL cells. More recently, Suck et al. (28) demonstrated that rhIL-15 supports the generation of highly potent clinical-grade NK cells from healthy donors in long-term culture for use in targeting hematological diseases. These data suggest that rhIL-15 is a good candidate to promote NK cell activity in Ab-based immunotherapy. However, they did not explore rhIL-15 bioactivity in autologous NK cells from hematological diseases.
The aim of our study was to evaluate the impact of rhIL-15 on autologous NK cell function mediated by RTX or GA101 in CLL and to investigate cellular partners involved in NK cell stimulation by rhIL-15.
Materials and Methods

Cells and reagents
Peripheral blood samples from untreated CLL patients (n = 41, Table I PBMCs were used immediately following separation by Ficoll gradient centrifugation.
RTX and GA101 mAbs and RTX and GA101 F(ab9) 2 fragments were obtained from Hoffmann La Roche (Basel, Switzerland). Human IgG control (h-IgG) Ab was purchased from Beckman Coulter (Villepinte, France). rhIL-15 was purchased from Tebu-bio (Le Perray-en-Yvelines, France) and used at a final concentration of 10 ng/ml, as in previous studies (12, 27, 28) .
For all experiments, cells were cultured at 37˚C and 5% CO 2 in RPMI 1640 supplemented with 10% heat-inactivated FCS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin (Invitrogen, Cergy Pontoise, France). To provide long-term viability, CLL cultures were performed at a high cell density (10 3 10 6 cells/ml) (29) .
Cell isolation
B leukemic cells were purified by magnetic separation without CD43 depletion using an EasySep Human B Cell Enrichment Kit, according to the manufacturer's instructions (STEMCELL Technologies, Grenoble, France). NK cells from CLL samples were purified using a two-step protocol: depletion of B leukemic cells using a modified protocol of the EasySep Human CD19 Positive Selection kit, leading to 0% CD19 + /CD5 + cells in the samples and then purification of NK cells using an EasySep Human NK Cell Enrichment kit (STEMCELL Technologies). The purity of B leukemic or NK cells was assessed by flow cytometry and was between 90 and 98%.
Monocytes, DCs, and T lymphocytes were depleted from whole-blood samples using the RosetteSep Human Monocyte Depletion Cocktail and the RosetteSep Human CD3 depletion mixture, respectively, according to the manufacturer's instructions (STEMCELL Technologies). NK cells were depleted from PBMC CLL samples using an EasySep Human NK cells Enrichment kit, according to the manufacturer's instructions (STEMCELL Technologies). Depletion of monocytes, DCs, T lymphocytes, and NK cells was assessed by flow cytometry, and the level of remaining cells was ,0.1%.
Flow cytometry
The following mAbs were used for cell staining: FITC-anti-CD3, Pacific Blue-anti-CD3, and PE-Cy-7-anti-CD5 (eBioscience, Paris, France); Pacific Blue-anti-CD19 and PE-Cy-5-anti-CD16 (Ozyme, Saint-Quentinen-Yvelines, France); PE-anti-CD69, PE-Cy-7-anti-CD56, and PE-goat anti-human (Beckman Coulter, Roissy, France); PE-anti-CD11c (BD Biosciences, Pont de Claix, France); and isotype-matched control conjugates. Briefly, PBMCs or purified cells were washed with cold PBS containing 1% FCS, stained with the appropriate conjugated Abs on ice for 30 min, and then washed and analyzed using a BD LSR II cytometer (BD Biosciences) and DIVA software. CD20 expression was quantified using the BD QuantiBRITE fluorescent assay (BD Biosciences, Le Pont de Claix, France) on CD19 + /CD5 + gated cells by flow cytometry. The Ab bound per cell value represents the mean value of the maximum capacity of each cell to bind the anti-CD20 Ab and was evaluated according to the manufacturer's instructions. In vitro B leukemic cell-depletion assays from CLL samples Fresh PBMCs from untreated CLL patients were seeded at 10 3 10 6 cells/ ml in culture medium and treated with h-IgG (10 mg/ml), RTX (10 mg/ml), or GA101 (10 mg/ml) for 7 d. When appropriate, rhIL-15 was added at a final concentration of 10 ng/ml for 7 d.
The specific percentage of remaining B cells in anti-CD20-treated samples was calculated as (absolute number in treated samples/absolute number in control samples) 3 100. For each condition, the absolute number of remaining B cells was calculated as total viable cell number (trypan blue exclusion determination) 3 % of viable CD19 + /CD5
+ lymphocytes (flow cytometry determination). Then, specific B leukemic cell depletion was calculated as follow: 100 2 % specific remaining B cells.
Chromium-release cytotoxic assay in autologous CLL samples
Natural cytotoxicity of effector cells from four random CLL patients was tested using the classical chromium-release assay. Briefly, NK cells were purified from PBL samples and stimulated or not with rhIL-15 (10 ng/ml). 
NK cell activation assays from CLL samples
Fresh PBMCs from untreated CLL patients were seeded at 10 3 10 6 cells/ ml in culture medium and treated with control h-IgG (10 mg/ml), RTX (10 mg/ml), or GA101 (10 mg/ml) for 7 d. When appropriate, rhIL-15 was added at a final concentration of 10 ng/ml. Activation of NK cells was evaluated by flow cytometry detecting CD69 expression on CD3 2 /CD56 + gated cells.
Proliferation assays
Freshly isolated PBMCs from CLL patients were labeled with 1 mM CFSE (Invitrogen/Molecular Probes, Carlsbad, California) for 10 min at 37˚C and washed with PBS, according to the manufacturer's instructions. Labeled cells were cultivated in complete medium with h-IgG (10 mg/ml), RTX (10 mg/ml), or GA101 (10 mg/ml), and/or 10 ng/ml rhIL-15, for 7 d. In all experiments, CFSE dilution was analyzed on CD3 The implication of B leukemic cells as accessory cells in rhIL-15-induced NK cell proliferation was evaluated using different culture conditions: PBLs from patients (10 3 10 6 cells/ml) as control condition; purified NK cells from CLL patients (2 3 10 6 cells/ml); in a reconstituted system: a coculture of autologous purified NK and B leukemic cells (same NK/B cell ratio as in the original sample); in a Transwell system: purified NK cells at the bottom (2 3 10 6 cells/ml) and purified B leukemic cells at the top (10 3 10 6 cells/ml) (96-Multiwell Insert System; BD Biosciences); and in the presence of anti-IL-15Ra-blocking Ab (20 mg/ml; R&D Systems). In all conditions, rhIL-15 was added at a final concentration of 10 ng/ml for 7 d. Absolute NK cell number, in samples treated or not with rhIL- 15 
Results
Coactivity of rhIL-15 and anti-CD20 Abs in B leukemic cell depletion
We first determined whether rhIL-15 increases B cell depletion in blood samples from untreated CLL patients in an in vitro assay using mAbs. Bioactivity of rhIL-15 was assessed by B leukemic cell-depletion assays in PBMCs (n = 35), in combination with anti-CD20 Abs. Because they spontaneously die at low, but not high, density (13, 30) , B cell cultures were performed at high concentrations (10 3 10 6 cells/ml) (29) . Under these conditions, no significant effect of RTX-or GA101-induced B leukemic cell depletion was detected after 3 d of treatment (p = 0.08 for RTX, p = 0.07 for GA101, compared with day 0), but the effect of anti-CD20 mAbs was optimal after 7 d of treatment (p = 0.05 for RTX, p = 0.04 for GA101 compared with day 0; n = 10). Because long-term culture could lead to internalization of anti-CD20 mAbs or CD20 (31), we first analyzed, using flow cytometry, whether culture conditions altered RTX or GA101 binding to B leukemic cells. Compared with day 0, RTX binding, but not GA101 binding, significantly decreased after 7 d of culture in control conditions only (p = 0.01). This discrepancy could be due to the different recognition and affinity of the respective CD20 epitopes by RTX versus GA101. Nevertheless, after 7 d, anti-CD20 Abs remained bound to viable B leukemic cells in all culture conditions (Supplemental Fig. 1 ). Therefore, subsequent experiments were performed using a 7-d treatment.
In whole-PBMC samples, GA101 displayed a greater cytotoxic activity than did RTX with regard to CD19 + /CD5 + cell depletion (Fig. 1A) . This was not mediated by complement-dependent cytotoxicity, because the assay involved heat-inactivated FCS. B cell depletion was dependent upon the Fc portion of mAbs. No significant depletion was observed using F(ab9) 2 fragments, despite a slight effect caused by GA101-F(ab9) 2 compared with RTX-F (ab9) 2 (p = 0.042) (Supplemental Fig. 2 ). Most importantly, RTXor GA101-mediated B cell depletion was significantly increased in the presence of rhIL-15 (Fig. 1A) .
Altogether, our data suggest a cooperation of rhIL-15 with CD16 activation in anti-CD20-mediated leukemic cell depletion in CLL 2 /CD56 + NK cells from PBMC CLL samples at day 0 or after a 7-d culture in the presence or absence of h-IgG (10 mg/ml), RTX (10 mg/ml), or GA101 (10 mg/ml), with or without rhIL-15 (10 ng/ml) (.10,000 CD3
2 /CD56 + events acquired; n = 5). *p , 0.05. n.s., Not significant. The Journal of Immunologysamples. They highlight a greater efficacy of the rhIL-15/GA101 combination in this depletion. To identify which CD16 + effector cells were involved in B cell depletion from CLL samples, monocytes, DCs, and CD3 + lymphocytes were successively removed prior to the assay. The removal of monocytes/DCs, as well as monocytes/DCs/CD3 + lymphocytes, did not affect B cell depletion induced by RTX or GA101, with or without rhIL-15 (Fig. 1B) , pinpointing the role of NK cells in anti-CD20-mediated B cell death. To reinforce the role of NK cells in B cell depletion mediated by RTX or GA101, PBMCs were depleted in NK cells (level of remaining cells was ,0.1%, n = 8) and processed as above. In these conditions, RTX-or GA101-mediated B cell depletion was significantly inhibited compared with whole PBMCs (median B leukemic depletion: 7.85 and 11.5% for RTX and GA101, respectively, p , 0.005).
In the presence of mAbs, short-term interaction between NK cells and target cells leads to a decrease in the surface expression of CD16 in NK cells (32, 33) . Whether this also occurs in long-term culture remains unclear. To address this, we tested whether CD16 could be modulated by the above-described 7-d culture conditions. Thus, CD16 expression in NK cells was analyzed by flow cytometry, in parallel with B cell-depletion experiments. Compared with day 0, the 7-d culture did not induce any noticeable change in the CD16 level in untreated controls. However, coincubation with mAbs in the presence or absence of rhIL-15 markedly decreased CD16 expression (Fig. 2) . A CD16 decrease was also observed in h-IgGtreated control conditions, suggesting steric hindrance opposing CD16 labeling. This also could be due to CD16 modulation. Indeed, as described for short-term culture, anti-CD20 Abs strongly decreased CD16 levels after a 7-d culture without rhIL-15. This decrease was counteracted by rhIL-15 (Fig. 2) . Altogether, our data show that, in long-term cultures, CD16 remains expressed at the surface of NK cells, allowing their ADCC function with anti-CD20 Abs.
Because rhIL-15 alone resulted in a slight B cell depletion (Fig.  1A) , we analyzed fratricidal B cell death induced by IL-15, such as described for IL-21 treatment (34) . No significant B cell death was observed in purified B cells treated with rhIL-15 in the presence or absence of h-IgG or anti-CD20 Abs (Supplemental Fig. 3 ). So we wondered whether rhIL-15 activated NK cell cytotoxicity against autologous B leukemic cells. In CLL samples, the median NK/B ratio was 0.02:1 (Table I) . At this ratio, addition of rhIL-15 increased the natural cytotoxicity of purified autologous NK cells (% of specific cytotoxicity: 0.03 6 0.1% for NK cells, 8.9 6 1.9% for rhIL-15-stimulated NK cells, p = 0.004).
Altogether, these data demonstrate that rhIL-15 increases both natural and Ab-directed cytotoxicity of NK cells against autologous CLL cells.
NK proliferation induced by anti-CD20 and rhIL-15 in CLL samples
Next we evaluated the combined effect of rhIL-15 and mAbs on NK cell activation and proliferation in 7-d CLL cultures. rhIL-15 strongly activated NK cells from healthy donors (3). Using random CLL samples (n = 26), NK activation was monitored by measuring surface CD69 expression (Fig. 3A) . A slight NK cell activation was observed after 7 d of culture in untreated samples. Incubation with RTX or GA101 led to an increase in activated NK cells compared with control. This effect was significantly higher with GA101 than with RTX (p , 0.01). The observed NK cell activation was dependent upon the Fc portion of mAbs, because no significant activation was observed using F(ab9) 2 fragments (data not shown). Addition of rhIL-15 led to activation of all NK cells without synergistic or additive effects of RTX or GA101 (Fig. 3A) .
The ADCC function of NK cells was related to their activation, as well as to the NK/target cell ratio. In CLL, the E:T ratio favors the leukemic fraction (median NK/B ratio = 0.02/1, Table I ). Thus, any agent able to increase this ratio would be a good strategy to improve NK ADCC function and depletion of B leukemic cells. Therefore, we assessed the potential of rhIL-15 and anti-CD20 Abs to induce NK cell proliferation in CLL samples. As shown by CFSE dilution, we observed for the first time, to our knowledge, that both RTX and GA101 induced NK cell proliferation, demonstrating the involvement of the CD16-signaling pathway in this process (Fig. 3B, 3C) . Furthermore, rhIL-15 alone also increased NK cell proliferation. Finally, the combination of rhIL-15 and mAbs induced a stronger NK cell proliferation (Fig. 3B, 3C ). These data demonstrate a cooperation of rhIL-15 and CD16 in NK cell proliferation in CLL. It is noteworthy that NK cell proliferation correlates with B leukemic cell depletion (r 2 = 0.65, p = 0.048). Therefore, the consequence of NK cell expansion by rhIL-15 was an increase in RTX-and GA101-mediated B cell depletion.
Because IL-15 is trans-presented by accessory cells, we analyzed the involvement of monocytes or DCs in CLL samples. Despite the relatively low number of these cells in CLL samples as a result of the high excess of B leukemic cells (Table I) , we explored their function in rhIL-15-induced NK cell proliferation using successive depletion. Monocyte/DC depletion or monocyte/DC/CD3 + depletion did not impair NK cell proliferation under any treatment conditions (Fig. 3D) . The improved proliferation observed in the presence of mAbs could be attributed to a stronger interaction between B and NK cells via CD20 recognition, with subsequent FcgRIIIa cross-linking. It is noteworthy that rhIL-15 did not modulate CD20 expression on B leukemic cells (p = 0.36). These data suggest that the requirement of an interaction between B leukemic cells and NK cells is important to stimulate NK cell proliferation in the presence of rhIL-15.
B leukemic cells as accessory cells for rhIL-15-induced NK cell proliferation
We next explored the contribution of B leukemic cells to NK cell proliferation induced by rhIL-15. rhIL-15 treatment of purified B leukemic cells favored their survival but not their proliferation (Supplemental Fig. 4) . Further, rhIL-15 did not induce NK cell proliferation of either purified NK cells or in Transwell condition (i.e., in conditions without interactions between NK and B leukemic cells) (Fig. 4A) . Importantly, similar to what was observed in the whole sample, rhIL-15 was able to induce NK cell proliferation in a reconstituted autologous system composed of only purified NK cells and purified B leukemic cells from the same donor (Fig. 4A) . These results demonstrated that B leukemic cells serve as accessory cells in rhIL-15 trans-presentation, resulting in NK cell proliferation.
IL-15Ra is poorly expressed in the absence of stimulation in B cells from hematological diseases and is upregulated by in vitro stimulation with CD40L (11, 35) . In random CLL samples, fluorescent rhIL-15 binds B leukemic cells, and this is decreased significantly in the presence of a blocking IL-15Ra mAb (Fig.  4B) . These results suggest that B leukemic cells can promote rhIL- The Journal of Immunologyleukemic cells using neutralizing Ab completely abrogated rhIL-15-induced NK cell proliferation (Fig. 4C) .
Therefore, B leukemic cells act as accessory cells for rhIL-15 trans-presentation, leading to proliferation of autologous NK cells in CLL.
Discussion
This study demonstrates that NK cells from CLL patients can be stimulated and expanded by autologous B leukemic cells transpresenting rhIL-15. In the presence of mAbs, especially GA101, this process is greatly amplified and leads to better B leukemic cell depletion.
Some immunotherapeutic strategies have aimed at increasing the cytotoxic E:T cell ratio. These approaches were essentially based on the use of IL-2 to activate and expand cytotoxic cell populations. Nevertheless, in vivo administration of high doses of IL-2 leads to systemic toxicity (36, 37) . Other strategies have been developed using a combination of phosphoantigens and low doses of IL-2-targeting cytotoxic Tgd lymphocytes. This concept was studied in vitro in CLL samples, and we previously showed a proliferation of cytotoxic Tgd lymphocytes in some CLL patients (38); however, the amplification level and the cell surface expression of CD16 by these effectors were too weak to be of therapeutic interest.
More recently, IL-15 has emerged as a new candidate to improve immunotherapy (6, 39) . In rhesus macaques, rhIL-15 can expand immune effector cells without the toxicity of IL-2 (40, 41) . The use of rhIL-15 in human cancers is being evaluated in a phase I clinical trial in patients with refractory metastatic melanoma and metastatic renal cell cancer (http://clinicaltrials.gov/ct2/show/ NCT01021059).
IL-15 plays a pleiotropic role in homeostasis and regulation of immune cell populations by stimulating tumor-reactive CD8 + T lymphocytes and NK cells. This point could prove crucial in CLL, in which either a deficit in CD8 + synaptic function or a low E:T ratio could contribute to immune escape (42, 43) . In CLL, the E:T ratio (median NK/B ratio = 0.02:1) favors the leukemic cell population and could hamper the NK-mediated ADCC process (44) . In this case, agents increasing this ratio could induce B leukemic cell depletion. We demonstrate in this study that rhIL-15 combined with therapeutic Abs induces NK cell activation and, especially, NK cell proliferation, leading to an increase in the NK/ B ratio. This correlates with B leukemic cell depletion in vitro.
The prevailing mechanism of endogenous IL-15 action in vivo is its trans-presentation by accessory cells. The current theory is that intracellular IL-15/IL-15Ra complexes are shuttled to the cell surface of monocytes or DCs to stimulate neighboring cells expressing b/g receptor chains, such as NK cells. In addition, a recent study demonstrated that in vitro coincubation of humanized IL-15Ra-IgG1-Fc mimicked IL-15 trans-presentation to healthy donors' NK and CD8 + cells (45) . In the context of CLL, B leukemic cells are not described to produce endogenous IL-15. In this study, we demonstrate that rhIL-15-induced NK cell proliferation is strictly dependent on NK cell-B leukemic cell interaction via IL-15Ra. To our knowledge, our results identify for the first time B leukemic cells as new accessory cells able to transpresent rhIL-15 to NK cells, leading to their proliferation. Moreover, this phenomenon is re-enforced in the presence of anti-CD20 Abs, highlighting the cooperative role of CD16-and IL-15-signaling cascades in NK cell proliferation. rhIL-15 trans-presentation could also explain the more preserved CD16 expression in rhIL-15/ anti-CD20 Ab culture conditions. How might such a low level of B cell surface IL-15Ra suffice for rhIL-15 trans-presentation to NK cells? One could hypothesize that the high level of B leukemic cells compensates for this low expression. Thus, the balance between NK cells and B leukemic cells could be restored in the presence of rhIL-15 and therapeutic Abs. This leads to better NK cell cytotoxic function. Therefore, we propose that the combination of rhIL-15 and anti-CD20 facilitates the immunological synapse between NK and B cells, thereby inducing NK cell proliferation and ultimately increasing CLL cell death.
Recently, Moga et al. (27) demonstrated that rhIL-15 could overcome the immunosuppressive effects of exogenous TGF-b in CLL samples in vitro, leading to better RTX-mediated ADCC. High levels of TGF-b activity were detected in CLL samples in vivo (46) and in vitro (47) . Therefore, TGF-b could contribute to the immune deficit in CLL. In addition, TGF-b inhibits CD16-mediated IFN-g production and ADCC in human NK cells from healthy donors (48) . Thus, in vivo administration of rhIL-15 to CLL patients could activate and expand cytotoxic effectors, as well as inhibit the immunosuppressive effects of TGF-b on NK cells. This, combined with mAbs and/or chemotherapy (49), could induce a therapeutic benefit.
In summary, rhIL-15 increases B leukemic cell depletion mediated by mAbs. This involves both rhIL-15 NK cell activation and proliferation. This proliferation is strictly dependent on a new mechanism of rhIL-15 trans-presentation by B leukemic cells to autologous NK cells. This phenomenon is improved in the presence of anti-CD20 via IL-15R/CD16 cosignaling. Thus, rhIL-15 associated with ADCC-inducing therapeutic Abs, such as GA101, represents an attractive immunotherapy for CLL treatment.
